Calcium signaling is critical for synaptic transmission and plasticity. N-methyl-D-aspartic acid (NMDA) receptors play a key role in synaptic potentiation in the anterior cingulate cortex. Most previous studies of calcium signaling focus on hippocampal neurons, little is known about the activity-induced calcium signals in the anterior cingulate cortex. In the present study, we show that NMDA receptor-mediated postsynaptic calcium signals induced by different synaptic stimulation in anterior cingulate cortex pyramidal neurons. Single and multi-action potentials evoked significant suprathreshold Ca 2þ increases in somas and spines. Both NMDA receptors and voltage-gated calcium channels contributed to this increase. Postsynaptic Ca 2þ signals were induced by puff-application of glutamate, and a NMDA receptor antagonist AP5 blocked these signals in both somas and spines. Finally, long-term potentiation inducing protocols triggered postsynaptic Ca 2þ influx, and these influx were NMDA receptor dependent. Our results provide the first study of calcium signals in the anterior cingulate cortex and demonstrate that NMDA receptors play important roles in postsynaptic calcium signals in anterior cingulate cortex pyramidal neurons.
Introduction
Synaptic long-term potentiation (LTP) is a key cellular mechanism for long-term changes taking place in both physiological and pathological conditions in mammalian brains. [1] [2] [3] Calcium (Ca 2þ )-stimulated signaling pathways, including adenylyl cyclases, cyclic adenosine monophosphate protein kinase A pathways, and calmodulin-dependent protein kinases, are critical for LTP. [4] [5] [6] [7] LTP-related calcium signalings have been studied in different regions of the brain such as the hippocampus [8] [9] [10] and medial prefrontal cortex. 11, 12 In the hippocampus, previous studies show that voltage-gated calcium channels (VGCCs) and N-methyl-D-aspartic acid (NMDA) receptors are two major players for the Ca 2þ influx. [13] [14] [15] Activation of postsynaptic NMDA receptors contributes to postsynaptic calcium influx that is essential for triggering LTP. 10, [16] [17] [18] [19] Anterior cingulate cortex (ACC) is a critical cortical region for pain perception and emotion regulation. 1, 2, 20 LTP is a key form of synaptic plasticity in ACC synapses that plays important roles in physiological and pathological pain. [21] [22] [23] [24] Ca 2þ ions trigger a series of biochemical cascades that contribute to the induction of LTP in the ACC. 7, 25 Postsynaptic injection of BAPTA completely blocks the induction of LTP, indicating the importance of postsynaptic Ca 2þ signaling for ACC LTP. 26 Furthermore, ACC LTP is completely abolished in mice that express mutant CaM (including CaM 12 and CaM 34, two impaired Ca 2þ binding sites in the N-and Cterminal lobe, respectively). 27 As reported in other central synapses, NMDA receptors are likely the key player for the activity-induced postsynaptic calcium signaling. ACC LTP induced by different protocols is sensitive to the inhibition of NMDA receptors. 7, 26, 28 However, there is no direct investigation of NMDA receptor-dependent postsynaptic Ca 2þ influx in ACC neurons of adult animals.
In the present study, by combining whole-cell patch recording and two-photon Ca 2þ imaging observation, we recorded postsynaptic Ca 2þ signals that were evoked by different synaptic stimulations in the somas and spines of ACC pyramidal neurons. We found that both NMDA receptors and VGCCs-mediated action potentials (APs) induced suprathreshold Ca 2þ influx. Electrical stimulation and puff-application of glutamate (Glu) can induce subthreshold Ca 2þ signals. These subthreshold Ca 2þ signals were decreased by NMDA receptor antagonist AP5. Finally, we found that Ca 2þ influx were increased in induction of LTP by spike-timing, theta-burst stimulation (TBS), and pairing protocols. These increases were NMDA receptor dependent. Our results are the first that directly observed Ca 2þ signals changes in postsynaptic transmission and plasticity in ACC pyramidal neurons.
Materials and methods Animals
Adult male C57BL/6 mice (6-8 weeks old) were used in the all experiments. The mice were purchased from the Experimental Animal Center of Xi'an Jiaotong University. All mice were randomly housed in corncoblined plastic cages under an artificial 12-h light/dark cycle (lights on 9 a.m.-9 p.m.) with food and water provided ad libitum, at least one week before carrying out experiments. All animals were cared for, and experiments were carried out in accordance with the European Community guidelines for the use of experimental animals (86/609/EEC). All performed research protocols were approved by the Ethics Committee of Xi'an Jiaotong University.
Brain slice preparation
Coronal brain slices (300 mm) of ACC were prepared using standard methods. [29] [30] [31] Briefly, C57BL/6 mice were anesthetized with 1% to 2% isoflurane. The whole brain was quickly removed from the skull and immersed in the oxygenated (95% O 2 and 5% CO 2 ), ice cold cutting solution containing (in mM): 252 sucrose, 2.5 KCl, 6 MgSO 4 , 0.5 CaCl 2 , 25 NaHCO 3 , 1.2 NaH 2 PO 4 , and 10 glucose, pH: 7.3 to 7.4. After cooling for a short time, the whole brain was trimmed for an appropriate part to glue onto the ice-cold stage of a Leica VT1200S Vibratome. Slices were transferred to a submerged recovery chamber with an oxygenated (95% O 2 and 5% CO 2 ) artificial cerebrospinal fluid (ACSF) (124 mM NaCl, 4.4 mM KCl, 2 mM CaCl 2 , 1mM MgSO 4 , 25 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 10 mM glucose; pH: 7.3-7.4) and then incubated at room temperature for at least 1 h before recording.
Dye injection and drug application
For single cell recording, calcium indicator Cal-520 potassium salt (0.2 mM, AAT Bioquest) was added in a recording pipette directly to monitor Ca 2þ signals that were then diluted with the intracellular solution containing Alexa594 potassium salt (20 mM, Invitrogen) to image morphology. 32, 33 Cell population loading of calcium indicator was performed as puff-application of dye on the slice surface, Cal-520 acetoxymethyl ester (Cal-520 AM, 0.2 mM, AAT Bioquest). Dye ejection was performed in layer II/III of the ACC at 5 psi for 3 min using a pico-liter injector (PLI-10, Warner Instrument).
All the chemicals and drugs used in this study were obtained from Sigma (St. Louis, MO, USA), except for CNQX (20 mM), which was purchased from Tocris Cookson (Bristol, UK). All experiments were conducted in the presence of picrotoxin (100 mM) to block GABAa receptor-mediated inhibitory synaptic currents. Drugs were prepared as stock solutions for frozen aliquots at À20 C. They were diluted from the stock solution to the final desired concentration in the ACSF before being applied to the perfusion solution. In some experiments ( Figures 6 and 7) , a pico-liter injector (PLI-10, Warner Instrument) was used to puff-application of Glu (1 mM). Before recording, the drug pipette was moved beside the neuron using a pico-liter injector (PLI-10, Warner Instrument). The tip of the pipette was 50 mm away from the neuron recorded. The pressure and duration of the puffing were 10 psi and 100 ms, respectively. 34 
Two-photon imaging
Calcium imaging was performed more than 30 min after dye injection to allow diffusion of the dye into the cell. In vitro calcium imaging was performed using a twophoton laser scanning microscope, which consists of a Olympus FV1000-MPE system (side-mounted to a BX61WI microscope) and a pulsed Ti: sapphire laser (MaiTai HP DeepSee, 690-1040 nm wavelength, 2.5 W average power, 100 fs pulse width, 80 MHz repetition rate; New Port Spectra-Physics, Santa Clara, CA, USA). The laser was focused through a Â40 waterimmersion objective lens (LUMPLFL/IR40XW, NA: 0.8, Olympus), and the average power was set to <15 mW (measured under the objective). Calcium imaging of somas, dendrites, and spines were acquired at 800 nm. Fluorescent signals of Cal-520 and Alexa594 were separated into green and red channels by a dichroic mirror and emission filters (Chroma, Bellows Falls, VT, USA) and detected by a pair of photomultiplier tubes (Hamamatsu, Shizuoka, Japan).
To obtain time series of fluorescent signals from a single soma, images were collected with the following parameters 33, 35, 36 : 512 Â 512 pixel images, digital zoom 3Â with Â40 objective (NA: 0.8), 2-ms pixel dwell time, 1500 lines, 2 ms/line for line scan model or 512 Â 512 pixel images, digital zoom 3Â with Â40 objective (NA: 0.8), 2-ms pixel dwell time, 50 ms/frame for frame scan model, different recording time for different recording frames. For spines images, the parameters of 512 Â 512 pixel images, digital zoom 5Â with Â40 objective (NA: 0.8), 2-ms pixel dwell time, 50 ms/frame were used, with different recording times for different recording frames; 512 Â 512 pixel images, digital zoom 1Â with Â40 objective (NA: 0.8), 60 frames, 50 ms/frame, 2 -ms pixels well time for cell populations images. Bidirectional scanning and line-scanning models were used to increase scan speed. Each trial was repeated at least three times, and the mean value was collected. 
Electrophysiological recordings
Whole-cell recordings were used to load calcium indicator into the cell and electrophysiological recordings simultaneous with calcium imaging. Brain slices were transferred into an immersion-type recording chamber under a two-photon microscope (BX61WI, Olympus) equipped with infrared differential interference contrast optics for visualization. For electrical and calcium imaging recording, slices were perfused with oxygenated and temperature-controlled ACSF (30 AE 1 C) with TC-324B temperature controller (Warner Instrument). Excitatory postsynaptic currents (EPSCs) were recorded from layer II/III pyramidal neurons in ACC with an Axon 200B amplifier (Molecular Devices). The recording pipettes (3-5 M) were filled with a solution containing (in mM) 145 K-gluconate, 5 NaCl, 1 MgCl 2 , 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.1 Na 3 -GTP, 10 phosphocreatine disodium, 0.02 Alexa594 potassium salt, and 0.2 Cal-520 potassium salt (AAT Bioquest) (adjusted to pH 7.2 with KOH, 290 mOsmol). The electrical stimulations were delivered by a bipolar tungsten stimulating electrode or a fine-tipped theta stimulation pipette placed in layer V of the ACC. The current-clamp configuration was used recording APs for a single spike (current injections of 200 pA/5 ms) and five spikes at 5, 10, 20, and 50 Hz (current injections five times of 200 pA/5 ms at different frequencies). The resting membrane potential was held at À60 mV throughout the experiment. Access resistance was 15 to 30 M and monitored throughout the experiment. Data were discarded if access resistance changed by 15% during an experiment. Data were filtered at 1 kHz and digitized at 10 kHz using the digidata 1440A. Data were collected and analyzed with Clampex and Clampfit 10.2 software (Axon Instruments).
After obtaining stable EPSCs for 10 min, three kinds of LTP induction paradigms were used to induce longterm synaptic plasticity. 26, 37 The first involved paired three postsynaptic stimuli that caused three EPSPs (10 ms ahead) with three postsynaptic APs at 30 Hz, paired 15 times every 5 s (named the spike timing protocol). The second involved TBS (five trains of burst with four pulses at 100 Hz), at 200 ms intervals; repeated four times at intervals of 10 s (named the TBS). The third protocol involved paired presynaptic 80 pulses at 2 Hz with postsynaptic depolarization at þ30 mV (named the pairing protocol).
Data analysis
The data are presented as means AE SEM. Statistical comparisons between two groups were performed using two-tail paired or unpaired t test, one-way analysis of variance to identify significant differences. In all cases, *P < 0.05 was considered statistically significant.
Results
Experiments were performed on layer II/III ACC pyramidal neurons in acute slices of mouse brains. We used whole-cell patch recording to obtain electrophysiological data and labeled neurons with the fluorescent dye Alexa 594 K þ salt (20 mM) and Cal-520 K þ salt (200 mM) via the patch pipette. After allowing 30-min dye diffusion, two-photon microscopy was used to image Ca 2þ signals in somas and spines. The spines were selected on basal dendrites 50 to 100 mm far away from soma that were clear labeled by dye. Synaptic responses and associated Ca 2þ signals were induced by the manners of injection currents, electrical stimulation, puff-application of Glu, and LTP induction. In addition, we also measured the role of NMDA receptors in the calcium transients of different synaptic stimulation in the ACC. 
APs evoked Ca 2þ signals
Calcium signals evoked by single AP and multi-APs were recorded in the soma and spine of ACC pyramidal neurons. APs were induced by injecting depolarizing currents through a patch pipette. Two-photon line scans were used to the soma Ca 2þ imaging and frame scans for dendrite and spine imaging. As shown in Figure 1 , after 30-min dye diffusion, neuronal morphology was well labeled by Alexa594 (Figure 1(b) to  (d) ). We observed that soma injection of 200 pA (5 ms) current induced a single AP, which evoked powerful suprathreshold calcium transients in soma (ÁF/ F ¼ 0.69 AE 0.11; Figure 1(c) ) and dendrite shafts and spines (ÁF/F ¼ 1.89 AE 0.23; Figure 1(d) (Figure 2(d) ).
We then examined whether VGCCs and NMDA receptors, the two important channels for Ca 2þ influx, 13 contribute to the AP-induced suprathreshold Ca 2þ signal in the ACC. As shown in Figure 3 , a Ca 2þ signal induced by single AP was significantly reduced by 
Weak Ca 2þ signals induced by synaptic stimulation
Postsynaptic calcium influx can be induced by subthreshold synaptic stimulation. 17, 38 In the present study, we decided to use a fine-tipped theta-glass bipolar stimulation pipette positioned at 10 to 20 mm to deliver focal electrical stimulation that avoided the production of AP. As shown in Figure 4 , although single shock stimulation induced evoked excitatory postsynaptic current (eEPSC), the Ca 2þ signal was not steadily detectable in many somas and spines. In the subsequent study, we performed repetitive electrical stimulation at 50 Hz for three traces in somas and spines (Figure 4(b) and (c) ). We found that this stimulation also induced weak calcium signals in somas (15.6%, n ¼ 5 responses/36 in totals) and spines (17.9%, n ¼ 5 responses/28 in totals). These results are similar with those reported before in hippocampal neurons. 17 To further test the subthreshold synaptic transmission-induced Ca 2þ response, we then incubated ACC slices with acetoxymethyl ester derivative indicator (Cal-520 AM), a membrane permeable dye, for monitoring multi-cell calcium signals. Bipolar tungsten stimulating electrode was used to induce five traces stimulation at different frequencies (5, 10, 20, and 50 Hz) ( Figure 5 ). We found that electrical stimulation at different frequencies evoked weak Ca 2þ signals ( Figure 5(b) ). However, 
Puff-application of Glu evoked Ca 2þ signals
Glu a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) can contribute to calcium influx. 13, 39 In this study, exogenous Glu ion channels agonist Glu (1 mM) was puff applied (10 psi, 100 ms) in the presence of picrotoxin. As shown in Figure 6 (a) and (b), puff-application of Glu induced EPSC currents (À112.7 AE 10.1 pA, n ¼ 10 neurons/5 mice). These currents were significantly reduced by AMPA receptor antagonist CNQX (À21.6 AE 4.9 pA, P < 0.001; 18.4 AE 3.2% for control) and almost completely blocked by additional NMDA receptor antagonist AP5 (À11.1 AE 2.1 pA, P < 0.001; 10.0 AE 2.3% for control). At the same time, puff-application of Glu induced EPSCs associated with a remarkable subthreshold soma calcium influx (ÁF/F ¼ 0.26 AE 0.06), and only a small reduction by CNQX (ÁF/ F ¼ 0.19 AE 0.04, P > 0.05; 73.6 AE 0.4% for control) even though EPSC was almost inhibited. Application of AP5 significantly reduced the Ca 2þ signals (ÁF/ F ¼ 0.10 AE 0.01, P < 0.01; 37.9 AE 0.1% for control, Figure 6 (a) and (c)).
As shown in Figure 7 , puff-application of Glu also induced obvious Ca 2þ signals in spines, but not all spines had detectable signals. We found that there were 61.9% responses of spines after puff-application of Glu (13 spines in total 21 spines/6 neurons) (Figure 7(c) ). 
Consistent with soma Ca
2þ signals, the signals of spines after puff-application of Glu (ÁF/F ¼ 0.27 AE 0.07) were slightly decreased by CNQX (ÁF/F ¼ 0.18 AE 0.02, P > 0.05; 67.3 AE 9.1% for control) and almost abolished by additional AP5 (ÁF/F ¼ 0.07 AE 0.01, P < 0.05; 24.8 AE 3.7% for control) (Figure 7(a), (b), and (d) ). Together, these results suggest that puff-application of Glu can evoke robustly subthreshold Ca 2þ signals that are mediated by NMDA receptors in the somas and spines of ACC pyramidal neurons.
NMDA receptors-dependent Ca 2þ signals induced by LTP
ACC LTP is known to be calcium dependent, but no study has reported LTP induced calcium imaging directly in the ACC pyramidal neurons. In the present study, we recorded LTP-evoked Ca 2þ signals induced by three different types of LTP induction paradigms: spike-timing, TBS, and pairing protocols. We found that three LTP protocols can successfully induce post-LTP in ACC neurons (spike-timing: 150.6% AE 9.5% of baseline, n ¼ 7 neurons/3 mice; TBS: 149.8% AE 16.4% of baseline, n ¼ 6 neurons/3 mice; pairing: 143.2% AE 7.8% of baseline, n ¼ 7 neurons/3 mice; Figure 8(b) ). These LTP were completely blocked by AP5 (spike-timing: 97.2% AE 2.3%, P < 0.05, n ¼ 6 neurons/3 mice; TBS: 95.5% AE 5.4%, P < 0.05, n ¼ 7 neurons/3 mice; pairing: 100.4% AE 7.1%, P < 0.05, n ¼ 5 neurons/3 mice; Figure 8(b) ). These results are similar to those previously reported in our group research. 7, 26 We also found that there were obvious Ca 2þ influx with different kinetics in the process of three LTP induction (Figure 8(c) and (d) ). One phase of Ca 2þ increase by three LTP protocols was shown in Figure 8(c) . Spiketiming protocol produced fast remarkable Ca 2þ transient with a short rise time and decay time. TBS protocol also induced remarkable Ca 2þ transient with a slow rise time and decay time. After pairing protocol, Ca 2þ influx increased slowly and had a long decay time either. The amplitude of Ca 2þ influx induced by pairing protocol increased larger than TBS protocol induced but smaller than spike-timing protocol induced. In the whole process of LTP induction (Figure 8(d) Figure 8(d1) ). AP5 almost completely inhibited Ca 2þ signals that were evoked by both TBS and pairing protocols (TBS: ÁF/F ¼ 0.11 AE 0.01, 124.0% AE 12.7% of baseline, P < 0.05, Figure 8 (d2) and (d4); pairing: ÁF/F ¼ 0.11 AE 0.02, 129.2% AE 25.9% of baseline, P < 0.05; Figure 8(d3) and (d4) ).
In addition, we want to know whether the basal Ca 2þ signal is changed during LTP. To address this problem, three electrical stimuli at 50 Hz were triggered to evoke synaptic responses before and after 30 min LTP induction. As shown in Figure 8 (e), there were no significant changes for Ca 2þ signals before and after LTP induction.
Discussion
Calcium influx is thought to be critical for synaptic transmission and plasticity. Our previous studies show that Ca 2þ -dependent biochemical cascades are important for ACC LTP as well as injury-triggered synaptic changes in the ACC. 1, 2, 7 Our present results show for the first time that NMDA receptors contribute to postsynaptic calcium influx triggered by LTP in ACC pyramidal neurons. This finding further supports our current hypothesis that NMDA receptor-dependent calcium signaling pathways are important for synaptic plasticity in ACC and behavioral sensitization. 2, 5, 7 APs of neurons can precisely control information transmission. 40 10 In addition, NMDA recepotrs have been reported to AP-evoked Ca 2þ signals in pyramidal cell terminals. 43 In the present study, CNQX blocked the puff-application induced eEPSCs but slightly reduced associated Ca 2þ signals. In addition, we found that puff-application of NMDA evoked almost three folds Ca 2þ signals than puff-application of Glu in both soma and spine of the ACC neurons (unpublished data). These results strongly support that NMDA receptors are essential for Ca 2þ influx in ACC neurons. LTP is a major form of synaptic plasticity in ACC. We find that LTP induction protocols, including spiketiming, TBS, and pairing LTP, can induce calcium influx. These Ca 2þ signals all require the activation of NMDA receptors. This finding is similar to that in hippocampus. 19, 44, 45 We also find that the three protocols trigger an increase in Ca 2þ signals with different kinetics. It is possible that various calcium signal patterns caused by different LTP inducing protocols may contribute potential different intracellular mechanisms. It is also unclear that suprathreshold and subthreshold calcium signals play different roles in ACC synaptic plasticity. The inlovement of VGCCs in ACC LTP depends on the recording methods. LTP recorded using whole-cell patch-recording method is not blocked by nimodipine (unpublished observation). By contrast, LTP recorded using field EPSPs is sensitive to nifedipine. 46 These results suggest that different induction protocols may activate different receptors/ion channels for Ca 2þ ions influx in the ACC. 47 In consistent with this speculation, it has been reported that different LTP induction protocols activate distinct signaling pathways that produced LTP with different expression mechanisms in hippocampus. 47, 48 In the present study, we performed imaging of the soma and spine Ca 2þ separately. It will be useful in future studies to imaging them simultaneously and compare their time courses. Furthermore, intracellular signaling pathways linked to Ca 2þ signaling in the soma and spine may be different.
ACC LTP is believed to be the key mechanism for pain-mediated synaptic plasticity. The postsynaptic Ca 2þ serves as an important intracellular signal for triggering a series of biochemical events that contribute to the expression of LTP for chronic pain. Our previous studies also show that calcium-stimulated signaling pathways are very important for chronic pain. 5 
